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The interaction of neutrinos with gravitational fields in the weak field regime at one loop to the leading order has been 
studied by Menon and Thalappilil. They deduced some theoretical differences between the Majorana and Dirac 
neutrinos. Then they proved that, in spite of these theoretical differences, as far as experiments are concerned, they 
would be virtually indistinguishable. We study the interaction of neutrinos with weak gravitational fields to the second 
order (at two loops). We show that there appear new neutrino gravitational form factors which were absent in the first-
order calculations, so from a theoretical point of view there are more differences between the two kinds of neutrinos 
than in the first order, but we show that likewise they are indistinguishable experimentally. 
Key Words: Dirac and Majorana neutrinos, gravitational fields.  
I- Introduction  
The whole of  the  last  century  of  physics  is  recognized  by two main theories: Quantum Mechanics 
and  Relativity. The  physical  phenomena  in which gravitational  and quantum effects  appear  
simultaneously are very interesting both from theoretical  and  experimental point  of  view [1-13]. 
There  has  been  an extensive  of  research in  theoretical  physics which brought out an unexpected 
interplay between general relativity and  quantum field theory. On the other hand many attempts have 
been made to see whether there are some  novel experimental or observational ways of studying 
quantized fields coupled to curved spacetime.  Interaction  of  quantum  particles  with  gravitational  
fields  is  one  the  interesting subjects at the interface of quantum mechanics and general relativity. 
Neutrino is one of the most mysterious and interesting particles in the universe. Neutrino physics is one 
of the most important    fields of research in high energy physics,  astrophysics and cosmology, see 
[14,15] for a recent review. Interaction of neutrinos with gravitational fields  and  the  distinguishability  
between  Dirac and Majorana neutrinos are very exciting issues in neutrino physics. The graviton-
neutrino vertex to the first order (1-loop) has been studied in [16] using general symmetry principles. 
They tried to understand how the Majorana  and  Dirac neutrinos could be different as far as 
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gravitational interaction  is concerned. They found that in spite  of  theoretical differences  the  
Majorana and  Dirac neutrinos  cannot  be distinguished by gravitational interaction as far as 
experiments are involved.  It is worth to mention that  neutrino form factors have also been studied in 
[17,18].  In this  work  we study the graviton-neutrino vertex and gravitational neutrino transition form 
factors to the second order i.e., at 2-loops. We show that from theoretical perspective the second order 
calculations reveal more differences between Dirac and Majorana neutrinos than the first order  but we 
also show that they are indistinguishable as far as experiments are considered. It is worth mentioning 
that it is shown in [19] that spin-gravity interaction can distinguish between Dirac and Majorana 
neutrino wave packets propagating in a  Lense-Thirring background but it is pointed out in [20] that the 
treatment  of  Majorana neutrino in [19] is not valid so the claim stated in [19] does not follow, see also 
[21]. In Ref. [22-29], one can find some papers on  the  possibilities  of  distinguishing  Dirac  from  
Majorana  neutrinos but not in the  gravitational field. 
 
II. 2 loops calculations  
For Dirac neutrinos, there are eighteen 2-loops graviton-neutrino vertex which are shown in Fig. (1) to 
Fig. (18) : 
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The  Feynman  amplitudes  of   these  diagrams  are  presented below. The energy-momentum  four 
vector of the graviton propagator for  the diagrams (4) and (11) is    and  for the rest of the diagrams it 
is     . The Feynman rules for the gravitational interactions with SM fields that are relevant to our study are 
presented  in Appendix  A.  
 
Fig. 1.  
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and {}, denotes complete  symmetrization  of  the indices (see Appendix C). 
Fig. 2. The amplitude of this diagram can be derived from amplitude of diagram (1) by some minor  
changes. 
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Fig. 4.  
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 Fig. 9 
Fig. 6. The amplitude of this diagram can be derived from amplitude of diagram (5) by some 
minor changes. 
 
Fig. 7. The amplitude of this diagram can be derived from amplitude of diagram (3) by some 
minor changes. 
 
Fig. 8. The amplitude of this diagram can be derived from amplitude of diagram (4) by some  
minor  changes. 
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Fig.(12) 
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Fig. 10. The amplitude of this diagram can be derived from amplitude of diagram (9) by some 
minor changes. 
 
Fig. 13. The amplitude of this diagram can be derived from amplitude of diagram (12) by 
some minor changes. 
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Fig. 14. 
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Fig. 15. The amplitude of this diagram can be derived from amplitude of diagram (14) by 
some minor changes. 
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Fig. 17. The amplitude of this diagram can be derived from amplitude of diagram (16) by some minor 
changes. 
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We have calculated the invariant Feynman amplitude for all diagrams but due to a large number of  
calculations we do not present the details of  the calculations of all diagrams, but instead we present  
some  calculations of two typical diagrams and write down only the final results for the rest of them. 
Our purpose is to find what form factors are produced by individual diagrams. Let us consider the 
Feynman amplitude of diagram (1). The multiplication of the numerator of the second and third 
parentheses regardless of the constant coefficients  gives:  
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and for the case of fourth and fifth parentheses we have:
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
  
By multiplying  the  numerators  of  parentheses (7), (8), (9) and (10) regardless of the constant 
coefficients we have :
  
 (3) 
 
 
But  : 
AAAAAA kkkkk  


  2)2(  
So Eq. (3) takes the following form:  
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




 
If we multiply parentheses (6), (7), (8), (9) and (10) we get: 
LABBAvLABBALABvLAB PkkmPkkpPkmPkp )()(                                                                                        (5) 
We now calculate some typical integrals appear in the calculations of diagram (1). By multiplying the 
first term of (1) in the first term of (2) and then multiplying the result in  (5) and integration over p 
and k we have: 
(4) 
(1) 
(2) 
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
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                                                                                                        (6)
  
 
                                                                                                                                                                 (7) 
 
                                                                       (8) 
 
The coefficients 10 ,BB  are defined in the Appendix  B. These integrals generate no form factors.  
The integral 
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and the corresponding integral of diagram (5) generate form factors  3E  and 3D . The definitions of  the 
form factors have been presented in Appendix C. 
The following integral 
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also produces  no form factors.  
Now we study the Feynman amplitude of diagram (5) which we may call it the corresponding diagram 
of diagram (1). By comparing the invariant amplitude of diagrams (1) and (5) we observe that the 
parentheses (1) - (6) are the same in two amplitudes. By multiplying  the  numerators  of parentheses 
(6), (7), (8), (9) and (10) regardless of the constant coefficient we have:  
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Now let us calculate some typical integrals appear in the calculations of diagram (5). By multiplying 
the first term of (1) in the first term of (2) and then multiplying the result in (11) and integration over 
p  and k we have: 
                                       
 (13) 
                                                                                        
 
This integral produces no form factors.  
(14) 
                                                              
This integral gives us  1E  and 1D form factors. 
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This integral and the corresponding integral of diagram (1) generate  form  factors  3E  and 3D .  
Finally the integral 
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Produces no form  factors.  
We have also calculated the Feynman amplitudes of all other diagrams, which the results are as 
follows: 
(11) 
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(15) 
(16) 
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 All  of  the diagrams  generate  form factors E3 and D3  ,  in addition diagrams (2) ,(5) ,(9) ,(10) ,(14) 
and (15)  generate  form factors  E1 and D1.     
Interaction of neutrinos with weak gravitational fields to the first order (1-loop) involves four diagrams 
which  produce form factors 3E  and 3
D . From theoretical point of view these form factors can be used 
to distinguish between Dirac and Majorana neutrinos but as it is shown in [16] they satisfy in the 
following relations: 
 
 
Interaction  of  neutrinos with gravitational fields to the second order (2-loops) involves 18 diagrams. 
We have shown that they  produce form factors 311 ,, EDE  and 3D .  The form factors 1E  and 1D  are 
new i.e. they were absent in the first order calculations, so from theoretical point of view there are more 
differences between Dirac and Majorana neutrinos than the first order. But corresponding to each 
Feynman diagram of  Dirac neutrinos, there is an additional “charge conjugated” diagram for Majorana 
neutrinos, with RL PP   and   
    .  For electromagnetic interaction, the coupling " " (electron 
charge) changes sign under charge conjugation but in this case (gravitational interaction),we have [16] : 
                
   ,   √                        
where     is the spin-2 graviton, the couling   does not change sign under charge conjugation, so it is 
the same for Majorana and Dirac neutrinos. On the other hand noting that     
 
 
        and 
   
 
 
        one can  easily check that axial vector parts    and     cancel each other, so in  
Majorana  case the vertex factor  do not have any terms proportional to     and therefore we do not 
have   form factors (for more information about form factors see Appendix C). On the other hand the 
first terms in    and    do not cancel each other, so we have   form factors for the Majorana neutrinos 
which is twice the  same form factor of  Dirac neutrinos. To be more clear, suppose in the Feynman 
amplitude we have a term proportional to    , like     , where   is a cofficient (resulting from 
integration, see the calculations after diagram 18). As stated before, for Majorana neutrinos there is also 
a term      in the amplitude but for Dirac case there is no term proportional to    , so mathematically 
the above argument  can be summarized as follows : 
For Majorana neutrinos :          
 
 
        
 
 
        [  
 
 
     ]    
0)(,)()()( 23
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3  qDqDqEqE
MDDM (17) 
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For Dirac neutrinos :      , so          [
 
 
 
 
 
  ]  . 
   and           are the cofficients of the axial and non-axial parts of the amplitude respectively (see 
Appendic C), so we have : 
  
        
      
     
 
   
  
               
 and 
    
    
                                                                                                                          
So we arrive at the following  relation: 
,Di
D
i
M
i DEE         3,1i                                                                                                                 (19) 
This is an important result and show that despite theoretical differences we are not able to distinguish 
experimentally Majorana neutrinos from Dirac neutrinos interacting with gravity. Let us explain it 
more clearly  by a simple example. Suppose we get the value 4 in an experiment for the  matrix 
element   ̅                 . But we know  4=2+2, so experimentally one cannot distinguish whether 
we have obtained 4 (the left-hand side) or 2+2 (the right-hand side). 4 and (2+2) correspond  to  
Majorana  and  Dirac neutrinos respectively.  Therefore in spite of theoretical differences in the 
graviton vertex  of  the two cases, one would not be able to distinguish Majorana and dirac neutrinos 
experimentally. 
 Discussion 
Equivalence principle (EP) is one of the cornerstones of  general relativity.  Considerable efforts have 
been made and are still being made to test the EP for antimatter.   
  
There are some direct experiments and observations which indicate EP holds also for antimatter and the 
interactions between matter and antimatter are the same as those between matter and itself, so matter 
and antimatter behave identically in the gravitational fields. 
The famous worldwide experiments to test the equivalence principle for antimatter (independent  of  its 
composition or structure) with very high precision are as follows: 
1). ALPHA- Antihydrogen  Laser  Physics  Apparatus[30]. 
 
2). AEGIS- Antihydrogen Experiment : Gravity, Interferometry, Spectroscopy [31]. 
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3). GBAR- Gravitational Behavior of Antihydrogen at Rest [32]. 
 
All these three facilities rely on the Antiproton Decelerator (AD) at CERN, but  AEGIS and GBAR  
use beams of antihydrogen rather than trapped antihydrogen. 
 
4). AGE- Antimatter Gravity Experiment at  Fermilab [33].  
 
They made measurements directly testing both the equivalence principle and that matter and antimatter 
behave identically in the gravitational field of the earth.  
 Using the gravitationally coupled Dirac equation it is shown in [34] that particles and antiparticles 
experience the same coupling to the gravitational field, including all relativistic quantum corrections of  
motion. Their investigations demonstrate the consistency of quantum mechanics with general 
relativity and suggest that any conceivable differences of  the gravitational coupling of particles and 
antiparticles should be assigned to a “fifth force,” not to any conceivable “modifications of  the 
gravitational mass” of  antiparticles versus particles.  
On the other hand, in particular there is an observational confirmation for neutrinos and antineutrinos. 
Based on data from the supernova SN 1987A it is confirmed that the Einstein equivalence principle is 
valid for electron neutrinos and their antiparticles [35]. 
So the experimental  and observational data show that  gravity cannot distinguish between matter and 
antimatter. We know that for Majorana  neutrinos, the neutrinos and antineutrinos are the same but 
for  Dirac case, they are different. If  gravity cannot distinguish matter from antimatter  it  cannot 
distinguish  Majorana and Dirac neutrinos.  
 
 
Conclusions 
We have studied the graviton-neutrino vertex and gravitational neutrinos transition form factors to the 
second order i.e. at 2-loops. We have shown that from theoretical point of view the second order 
calculations reveal more differences between Dirac and Majorana neutrinos than the first order but we 
have also shown that they are indistinguishable as long as experiments are considered. As it is well 
known  the  most sensitive way to distinguish Majorana from Dirac neutrinos is neutrinoless double  
beta decay which is  too far from the realm of  gravity.  
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Appendix A. 
Some Feynman rules for gravitational interactions with SM fields that are relevant to the processes considered in 
this article. 
The Feynman rule of graviton propagator is given by : 
          
 
   
(                    ) 
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Appendix B. 
The definition of      is as follows : 
   ∫
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By introducing the new variables    and    as : 
         (     
    
 )    
  
pxkk   
   can be rewritten as follows : 
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Therefore we have : 
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Appendix C. 
In this  part  we  present  the definitions  of  the  form  factors.  We denote by Γµν (p, q) the gravitational 
vertex function of neutrino which is symmetric  in  its  indices. The  gravitational  gauge  invariance 
implies that it satisfies the condition : 
 
   ̅              
In order to write down the general form of the matrix element, we introduce its tensor and pseudotensor 
components as  follows :  
 ̅             ̅  
  [           
 ]                                                                                                        (C.1) 
Lorentz invariance implies  that the vertex function in general can have the following  components: 
 
     ,      ,      , {  }   , {  }   , {  }   
 
where        and  {  }     {   }             Therefore  the  tensor and pseudotensor (parity  
 
conserving and parity violating) components of  neutrino gravitational  vertex in general  have the  following  
 
forms : 
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